The majority of constitutive proteins in the bacterial 30S ribosomal subunit have orthologues in Eukarya and Archaea. The eukaryotic counterparts for the remainder (S6, S16, S18 and S20) have not been identified. We assumed that amino acid residues in the ribosomal proteins that contact rRNA are to be constrained in evolution and that the most highly conserved of them are those residues that are involved in forming the secondary protein structure. We aligned the sequences of the bacterial ribosomal proteins from the S20p, S18p and S16p families, which make multiple contacts with rRNA in the Thermus thermophilus 30S ribosomal subunit (in contrast to the S6p family), with the sequences of the unassigned eukaryotic small ribosomal subunit protein families. This made it possible to reveal that the conserved structural motifs of S20p, S18p and S16p that contact rRNA in the bacterial ribosome are present in the ribosomal proteins S25e, S26e and S27Ae, respectively. We suggest that ribosomal protein families S20p, S18p and S16p are homologous to the families S25e, S26e and S27Ae, respectively.
INTRODUCTION
Ribosomal proteins (r-proteins) are constitutive components of the ribosome-a complicated ribonucleoprotein, which is a central participant of the translation machinery (1) . Each of several dozen r-proteins binds to a definite site in the ribosomal subunit, small or large and participates in the formation of its unique spatial structure (2) . Naturally related r-proteins have similar structures, bind to similar sites on the ribosome, and compose one r-protein family. The exact number of the r-protein families varies among the three phylogenetic domains of life and even within domains (3) . Bacteria are characterized by a smaller set of r-protein families than Archaea and Eukarya, while differences in the sets of the r-protein families between archaeal and eukaryotic ribosomes are comparatively small (3) . Remarkably, several r-protein genes in Archaea are absent in some taxons, providing evidence of reductive evolution of r-proteins within this domain (3) .
The r-proteins of families presented in all three phylogenetic domains are in general rather conserved, indicating their indispensable role. The majority of the bacterial r-proteins have orthologues in archaea and eukaryotes, but some, especially in the large subunit, appear to be specific for bacteria (3) . Thus, of 19 small subunit r-protein families present in all bacterial species with sequenced genomes, 15 have orthologues among 32 human small subunit r-proteins and only 4 (namely S6p, S16p, S18p and S20p) have not (3) . These four families might be truly restricted to bacteria (in other words, they were either gained by bacteria or lost by eukaryotes during the evolution) or they might have diverged so much that their orthologues cannot be identified by normal alignments.
Based on the natural properties of the ribosomal proteins, we devised several criteria for the alignment of r-proteins and made an attempt to find orthologues by analysing the conservation of r-protein-RNA contacts based on the high resolution structure of the thermophilic bacteria Thermus thermophilus 30S ribosomal subunit. Our investigation revealed that r-proteins S16p, S18p and S20p are homologous to S27Ae, S26e and S25e, respectively.
MATERIALS AND METHODS

Datasets
The amino acid sequences of r-proteins S16p, S18p and S20p for Anabaena sp., Aquifex aeolicus, Bacillus
Protein sequence alignment
The MUSCLE program (4) was used to align sequences of homologous proteins. Routine fitting was performed after the alignment using criteria described in the Results section. Espript 2.2 (5) was used for presentation of the alignments. WebLogo (6) was used for creating a graph of aligned amino acid sequences of r-proteins for 22 bacterial and 22 eukaryotic species. Analysis of the contacts between side chains of r-protein amino acids and rRNA was performed on the T. thermophilus 30S ribosomal subunit (7) (PDB number 2J02) using program PyMol (DeLano) (8) . Nucleotide conservation in the secondary structure of the small subunit rRNAs for three phylogenetic domains was taken from the Comparative RNA Web site (http://www.rna.icmb.utexas.edu) (9) .
RESULTS
Criteria for r-protein orthologues and protein multiple alignment
In elaborating criteria for the search for eukaryotic orthologues in bacterial r-proteins, we started from the following assumptions. First, it is known that r-proteins are located mostly on the periphery of the ribosomal subunit and bound preferably to rRNA at that long extensions of many r-proteins penetrate deeply into the subunit stabilizing its core (2) . We assumed that r-protein regions forming contacts with rRNA should be more conserved than regions exposed to solvent. This follows from the supposition that any amino acid mutation resulting in the loss of an rRNA-protein contact (polar, hydrophobic, etc.) weakens the total strength of the protein binding, and accumulation of this kind mutations may cause the loss of protein ability to bind to rRNA resulting in assembly of defective ribosomal subunits. Mutations of the solvent exposed amino acids should not have such a drastic effect, though in this case disorders in binding of ligands by ribosome are possible. Next, any bulky insertion in the r-protein site contacting rRNA disturbs the overall fit of the protein RNA-binding surface to the rRNA and reduces its affinity to the rRNA. Hence, the overall homology of r-proteins has to be determined by the structural homology of their regions facing the rRNA and interacting with it. Finally, since protein regions involved in secondary structure (a-helices and b-strands) formation are usually less prone to mutations than the unstructured parts (10), we infer that the most highly conserved amino acid residues of those contacting the rRNA would be the residues located in regions of secondary structure.
Starting from these assumptions, we have analysed motifs in the structures of bacterial r-proteins S16p, S18p and S20p, which make multiple contacts with rRNA in the 30S ribosomal subunit [protein S6p was not analysed since it has only few contacts with RNA (2)], and sought similar motifs in those eukaryotic r-proteins that lacked orthologues in bacteria. Initially, with these three proteins we compared the sets of amino acid residues contacting rRNA in the 30S ribosomal subunit structures deposited in the RCSB Protein Data Bank by independent researcher groups [PDB numbers 2J02 (7), 2HGP (11), 2ZM6 (unpublished data) and 1VS5 (12) ] and ensured that these sets mostly coincided. Therefore, the following analysis and alignment were based on the spatial structure of the T. thermophilus 30S ribosomal subunit which has the highest (2.8 Å ) resolution (PDB number 2J02) (7) of all ribosome structures in the RCSB Protein Data Bank. We used the following criteria for the potential orthologues: first, the amino acids contacting rRNA have to be conserved among members of the same protein family; second, those amino acids located in a-helices and b-strands that contact the rRNA have to be more conserved than those that are not involved in secondary structures; third, the lengths of the secondary structure elements have to be retained for the members of the same protein family, i.e. these elements should not contain internal insertions or deletions; fourth, conservation of the amino acids that contact rRNA, accompanied by the conservation of the respective rRNA nucleotides.
The search was performed as follows. Initially, a multiple sequence alignment using the algorithm MUSCLE (4) was performed with 10 members of each eukaryotic small subunit r-protein family with unknown homology in bacteria. While each family contains a few dozens of members with known sequences, only those from the most evolutionary distant organisms were chosen for the alignment. The results of the alignment were compared with the results of multiple sequence alignment that was performed by the same manner for 10 bacterial representatives of r-protein families S16p, S18p and S20p, to find similar fragments in the protein sequences. In this analysis, representatives from species with a remote relationship were used, where possible. In the event of matching pairs, five bacterial and five eukaryotic proteins were taken from each r-protein family set and a joint alignment was performed for them. Finally, manual fitting was carried out with the use of the criteria mentioned above, ensuring that the alignment within each phylogenetic domain remained immutable if possible. The final fitting was checked for the preservation of the RNA-protein contacts.
Ribosomal proteins S18p and S26e
R-protein S18p is located close to the platform in the T. thermophilus 30S ribosomal subunit ( Figure 1A ). It has only one extensive secondary structure element representing an a-helix of five turns in the C-terminal part of the molecule (helix a3). Two other a-helices (a1 and a2), in the central part of the protein, are rather short. Together, these helices form a globule that contacts rRNA alongside helix a3. The position of the N-terminal part of the protein was not determined by X-ray analysis. Apparently, this part of the protein lacks secondary structure and is rather flexible. Contacts of S18p with 16S rRNA helices 22 and 23a are formed by the conserved positively charged arginines and lysines located on the one side of helix a3 ( Figure 1A) ; the residue R64 in this helix contacts also helix 26 in 16S rRNA. Remarkably, all these arginines and lysines are situated in helix a3 at a distance of about one turn of the helix (K-x2-R-x3-K-x2-KR-x-R). A search in eukaryotic small subunit r-proteins revealed a similar motif in the C-terminal region of S26e. Alignment of the bacterial S18p and eukaryotic S26e family sequences exhibited a high level of conservation of the positively charged amino acids ( Figure 1B ). Thus, arginines in the positions 64 and 74 (hereafter the numbering of amino acids corresponds to T. thermophilus proteins) are practically invariant, whereas the substitutions of R by K and vice-versa may have happened in the other positions. Moreover, the multiple alignments showed conserved elements in other positions of the protein. Among them are a positively charged tripeptide in the N-terminal part of the protein (the region not resolved by X-ray crystallography) and residues D33 and R54 (substituted by lysine in some proteins). The side group of D33 contacts the peptide group at K35 and this bond seems to be important for the maintenance of the spatial structure in this protein region. The structural role of R54 is not obvious yet. The Logo graph of the multiple alignment of the helix a3 region for S26e from 22 eukaryotes and S18p from the same number of the evolutionary distant bacterial species ( Figure 1C) illustrates the overall conservation of this region and the near invariance of R64, R74, K/R71 and R/K72.
The secondary structure of the small subunit rRNA region formed by helices 22 and 23a is similar in Bacteria and Eukarya and lacks long insertions or deletions (9) . Hence, one may suppose that the tertiary structures of this rRNA region in these two phylogenetic domains are also similar. If so, the organization of the RNA-protein contacts in the ribosome region formed by these helices has to be conserved too. Exploration of some of these contacts revealed that nucleotide C720 (the numbering of nucleotides corresponds to E. coli 16S rRNA) contacting the side chain of K71 by atom O2 is conserved in 90-98% of Bacteria and Archaea, and in 98-100% of Eukarya [taken from the Comparative RNA website (9) ]. Nucleotide C719 is bound to R72 by two hydrogen bonds at the positions O2 and N3, and it is conserved in 90-98% of Bacteria and Archaea and replaced by adenine in 98-100% of Eukarya. Obviously, in the last case, the contact formed by atom N3 in C719 may be replaced by the contact of atom N1 in adenine. Finally, R64 is necessary for clamping helices 22 and 26, because it contacts both backbones. All of these may be evidence that S26e is an orthologue for S18p.
The N-terminal region of S26e has no homologue in S18p but it is nonetheless conserved. The presence of lysines and arginines repeated with an interval of 2-4 amino acids makes this region similar to helix a3 and suggests that this region forms the a-helix that contacts 18S rRNA too.
Ribosomal proteins S16p and S27Ae
R-protein S16p of T. thermophilus is located in the lower part of the 'body' of the 30S subunit and makes numerous contacts with a number of helices in the 5 0 -terminal domain of 16S rRNA and helix H21 in the central domain that together form a 'pocket' for this protein (Figure 2A ). The structure of the protein comprises four anti-parallel b-strands and two adjacent a-helices. Contacts of the protein with the rRNA are made by polar amino acid residues lying basically between the b-strands and in helix a2 ( Figure 2B) . A search among eukaryotic small subunit r-proteins revealed that r-proteins of family S27Ae are most similar to the S16p family ( Figure 2B ). Alignment of these two protein families showed that at least 9 of 21 amino acids contacting rRNA in S16p of T. thermophilus are conserved. Among these amino acids, one may highlight the following: a cluster of positively charged amino acids positioned in the loop between strands b1 and b2, contacting helices 15 and 21 and clamping them in the ribosome; a tyrosine residue contacting helix 15; arginines 25 and 28 in the loop between strands b2 and b3 contacting helices 7 and 15, respectively; and residues R42 and R47 contacting helix 17. The Logo graph for families S16p and S27Ae for strand b1 and the flanking loop regions shows ( Figure 2C ) highly conserved amino acids in the positions 12, 13, 28 and invariant Y17.
Of the four helices in the T. thermophilus small subunit rRNA that S16p binds substantially (H7, H15, H17 and H21), only helix H15 is conserved in all three phylogenetic domains and, therefore, we analysed the contacts of S16p only to this helix. Atom O2 of nucleotide U375, conserved in 98-100% among all three domains, forms a hydrogen bond with the side chain of R28. The ribose moieties in the same nucleotide and in the adjacent nucleotide A374, which is conserved in 98-100% of Bacteria and 90-98% of Eukarya, but not in Archaea, are bound to Y17. The sugar-phosphate backbone of G391-A393 contacts the side chains of amino acids 8, 12, 13 and 28. Positions of elements of the secondary structure of S18 from T. thermophilus are shown over its sequence. The numbering corresponds to S18 from the T. thermophilus sequence. The S18 residues contacting rRNA in the T. It should be noted that the overall length of the r-proteins from S27Ae family is similar to the length of the proteins from the family S16p (with except for S16p of B. longum), i.e. the representatives of S27Ae family lack insertions (expansion segments), which are usually characteristic for the eukaryotic orthologues of bacterial r-proteins. At the same time, proteins from S27Ae family lack the region corresponding to the N-terminal fragment in S16p, which forms strand b1 and contacts rRNA helix 15. Divergence between S16p and S27Ae in their central and the C-terminal regions, which in the case of S16p from T. thermophilus contact mainly the 16S rRNA helices 7, 17 and 21, correlates with low conservation of these helices. Obviously, the change of rRNA structure in these areas has to lead to the modification of protein structure in the adjacent areas and to the substitution of some RNA-protein contacts by others.
Ribosomal proteins S20p and S25e
The structure of r-protein S20p of T. thermophilus comprises three long parallel a-helices, which form a rather elongated globule buried deeply into the 'body' of 30S subunit. The protein makes numerous contacts with helices and loops in the 5 0 -terminal domain of 16S rRNA and a tip of helix 44 ( Figure 3A) . Most of the contacts are made by helix a1, whereas helices a3 and especially a2 make poor contacts with the rRNA ( Figure 3B ). Among the eukaryotic small subunit r-protein families, the S25e family was the best match for the S20p family proteins ( Figure 3B ). Both of these protein families have several conserved regions. In S20p, there are a cluster of positively charged amino acids in the N-terminus of helix a1 interacting with the base of helix 6 of the 16S rRNA, residue K38 interacting with helix 44 and a cluster of amino acids between helices a2 and a3 located in a very cramped rRNA environment.
The Logo graph for the alignment of the S20p and S25e families in the region of helix a1 shows ( Figure 3C ) highly conserved amino acids in positions 15, 22, 26, 35, 38 and an invariant residue, K14. From them, in the 30S ribosomal subunit of T. thermophilus residues T35 and K38 contact helix 44, helping to attach it to the 5 0 -terminal domain of 16S rRNA; R22 and N26 contact the sugar-phosphate backbone at U323 and G324 in the highly conserved loop of helix 13; residue R15 binds the base of G107, which is conserved in 90-98% of Bacteria and Eukarya and in 80-90% of Archaea. Nucleotide G104 (helix 6) binds to K14 via hydrogen bonds at positions O6 and N7, but it is not conserved in Eukarya and Archaea. In other X-ray structure of the T. thermophilus 30S ribosomal subunit (11) (PDB number 2HGP), the position of the side chain nitrogen in K14 is closer to position O6 in the nucleotide G105 (3.7 Å ) than to position O6 in the nucleotide G104 (4.2 Å ). In contrast to G104, nucleotide G105 is conserved in 98-100% of Bacteria and Archaea, and in 90-98% of Eukarya. Therefore, K14 in the 30S ribosomal subunit seems to contact the conserved G105 rather than the nonconserved G104.
As a whole, the r-proteins of S25e family are somewhat longer than the proteins of S20p family due to the N-terminal extension. The total positive charge of this extension might enable it to interact with 18S rRNA in the eukaryotic ribosome. Helix 9 is not conserved, so amino acids in the protein helices a3 and a2 contacting H9 are not conservative too. As in the case of S16p, the divergence of helix 9 obviously led to changes in S20p sequence and structure so that old RNA-protein contacts were lost and new ones arose.
Verification of homologous proteins search approach and validation of protein similarity
To examine our approach for search of homologues among r-proteins, we applied it to the r-proteins from large ribosomal subunit, bacterial L16p and archaeal L10e, as example. Initially, these proteins were not considered as relatives, however, determination of structures of archaeal (13) and bacterial (14, 15) large ribosomal subunits revealed that these proteins have a high structural similarity and are located in similar positions of 50S subunits (16) (Supplementary Figure S1A) . Currently, both proteins are classified in one family (see the Pfam database, http://pfam.sanger.ac.uk/family? acc=PF00252). Indeed, multiple sequence alignment of L16p and L10e families reveals groups of conserved amino acid residues located predominantly in helices a1 (numbering of structural elements and amino acids is given for L10e from Haloarcula marismortui) and a2 and strands b6 and b7 (Supplementary Figure S1B) . Among nine almost invariant residues, there are only three (E66, R69 and K159) with polar side chains. Remarkably, K159 in helix a2 (Supplementary Figure S1C) is practically a single residue contacting a nucleotide base but not RNA backbone. This base, C2483 (numbering is given for 23S rRNA from H. marismortui), is universal (>98%) in all three domains of life that indicates great importance of this contact for the protein binding. Helix a2 also contains conserved positively charged amino acids important for the protein binding to the 23S rRNA and strongly conserved hydrophobic residues concentrated on the helix side, which forms a hydrophobic contact with helix a1. The remaining amino acid residues contacting backbone of 23S rRNA are arranged in the related regions of the proteins L16p and L10e. Many of these contacts are conserved, some of others are formed by neighbour residues suggesting substitution of one important contact by another. As for invariant residues E66 and R69 in the helix a1, they are exposed outside of the subunit that indicates their possible functional role. This examination clearly indicates that contacting rRNA amino acids residues of homologues r-proteins have a tendency to conservation.
To validate the protein similarity, we determined the amino acid sequence signature specific for each pair of the protein families and scanned the Prosite database (http://expasy.org/prosite) to find how many proteins have these sequences signatures. Sequence signatures were determined from the sequences, which have maximal homology ( Figures 1C, 2C and 3C ). 
DISCUSSION
In contrast to bacterial ribosomal subunits, high resolution crystallographic data for eukaryotic ribosomal subunits and the small subunit of an archaeal ribosome are unavailable, so the exact coordinates of the r-proteins S25e, S26e and S27Ae in the ribosome structure are unknown. Cryo-electron microscopy (cryo-EM) provides reliable information about the location in the 40S ribosomal subunit only for those r-proteins whose homology with bacterial r-proteins has been established. Nevertheless, we have tried to verify our findings about the homology of bacterial and eukaryotic r-proteins with the recent cryo-EM map of the mammalian 40S ribosomal subunit at 8.7 Å resolution (17).
Chandramouli et al. (17) observed protein electron density sites in the canine 40S ribosomal subunit that did not correlate with any known r-protein. Among them, the protein density sites denoted by the authors as S-X, S-IV and S-VII correspond approximately to the sites of the r-proteins S16p, S18p and S20p, respectively, in the 30S subunit. Thus, protein density near positions of helices 17 and 21, site S-X, may correspond to S27Ae, since the same helices of 16S rRNA neighbour S16p in the 30S subunit; site S-IV is close to helices 23 and 23a (like S18p, which contacts the same 16S rRNA helices in the 30S subunit) and therefore may correspond to S26e; finally, site S-VII is close to helices 9, 11 and 44 (like S20p in the 30S subunit) and may correspond to S25e. Assuming that site S-IV corresponds to S26e, we can speculate that the conserved part of this protein occupies nearly the same position in the 40S subunit as S18p in the 30S subunit, whereas two stretched out the subunit platform a-helices visible on the cryo-EM map may correspond to the long N-terminal extension of S26e.
Several of our observations are consistent also with biochemical data. In the human ribosome, r-protein S26e was found to be the major target for cross-linking to short mRNA analogs bearing a cross-linking group at specific location and phased in the mRNA-binding centre by tRNA cognate to the triplet directed to the P-site (18, 19) . In these mRNA analogues, the length of the spacer that linked a modifying group and mRNA moiety was 11 Å . Cross-linking to both S26e and 18S rRNA was observed when the derivatized mRNA nucleotide was located in positions +1 to À3 (position +1 corresponds to the first nucleotide in the P-site bound codon), but S26e was the only target for cross-linking if this nucleotide was in positions -4 to -9. The same protein was also cross-linked to mRNAs containing thiouridines in positions -7 to -10 in the 48S/80S initiation complexes (20) . It should be noted also that in early studies on bacterial ribosomes with the use of mRNA analog containing thiouridines in its 5 0 -half bound to the subunit without phasing, protein S18p was found among cross-linked proteins (21) . All these suggest that S26e, like S18p, is located close to or directly on the platform of the small ribosomal subunit and participates in the formation of the site of binding of mRNA upstream of the E-site codon. According to X-ray data, r-protein S18p in the 30S subunit interacts with an mRNA position À15 located upstream of the Shine-Dalgarno sequence (22) , this is more distant from the E-site codon than mRNA nucleotides neighboring S26e in the 40S subunit. Therefore, we speculate that the eukaryote specific N-terminal part of S26e, rich in arginines and lysines, may protrude from its globular part (homologous to S18p) to the region of the 40S subunit neighbouring the area corresponding to the Shine-Dalgarno interaction area in the 30S subunit. This position of the N-terminal part of S26e points to its possible interaction with 5 0 UTR of mRNAs and thereby to participation of S26e in the translation regulation pathway of specific mRNAs similarly to S18p, which is involved in the interaction with a regulatory element located at the 5 0 UTR of rpsO mRNA in E. coli (23) .
Suggested close location of S26e to the platform of the small ribosomal subunit may also imply participation of this protein in translation initiation through its interaction with eukaryotic translation initiation factors bound to the subunit like S18p participates in binding of the C-terminal domain of IF3 (24) . Indeed, S26e was found among proteins capable of cross-linking to eIF3 under 2-iminothiolan treatment of the complex of 40S subunit with this factor (25) that possibly suggests neighbourhood (or even contact) of the protein with eIF3. This conclusion is also supported by data indicated that the same nucleotide positions (-7 and -10) of mRNA bound to 40S subunit in 48S initiation complex contacted both S26e and eIF3d (20) .
Archaeal r-proteins as a rule are more similar to their eukaryotic counterparts than bacterial ones. However, S25e and S26e are absent in the majority of known archaeal taxons as a result of reductive evolution (3). The length of archaeal r-proteins from S27Ae family is only about half that of the eukaryotic homologues. One may suggest that proteins in these families in Archaea have felt high mutagenic pressure that caused their high divergence (or even missing). This r-protein divergence seems to be accompanied by changes in the structure of the protein binding sites on rRNA.
The experimental validations of our findings are out of this study. One of possible approaches to such validation could be based on assembly of hybrid 30S ribosomal subunits containing eukaryotic r-proteins replacing their bacterial counterparts, with the following analysis of protein topography and functional activity of the subunits. Nevertheless, similar assembly of hybrid 40S ribosomal subunits is hardly feasible because methods of in vitro assembly of 40S subunits are yet unknown and salt-wash protein depletion of the subunits does not result in step-wise dissociation of r-proteins (26) .
Based on the data obtained, we may conclude that all constitutive (present in all taxons) r-proteins present in bacterial 30S ribosomal subunit are likely to have orthologues in eukaryotes (while as for S6p, it remains unclear whether it has orthologues in eukaryotes because the protein was not analysed in this work due to its few contacts with RNA). This suggests that all these r-proteins have a substantial significance for the small ribosomal subunit structure and are essential for the ribosome functionality. The comparisons of S25e/S20p, S26e/S18p and S27Ae/S16p suggest that the structural function of r-proteins is to clamp helices of rRNA together. In the absence of r-proteins these helices would be pushed apart by electrostatic repulsion, making the ribosomal structure fluffy, unstable and as a result non-functional. Since the functionally important amino acids in any protein are usually conserved, the r-protein amino acids responsible for contacts with rRNA and the maintenance of ribosome structure are conserved too. Changes in the r-protein sites contacting rRNA have to be associated with changes in the protein binding sites on rRNA. In this respect the presence of additional helices (expansion segments) in eukaryotic rRNA requires the presence of additional r-proteins or expanded regions within the existing r-proteins that will fix these helices in the ribosome.
